Purpose of Review In this review article, we summarize the current evidence about atopic dermatitis (AD)-associated comorbidities, beyond the traditional atopic and allergic conditions. Recent Findings Patients with AD may have an increased risk of cardiovascular diseases, certain malignancies, autoimmune diseases, and neuropsychiatric diseases. The causes of these associations are likely multifactorial and may include genetic predispositions, systemic low-grade inflammation, environmental exposures, medication, and lifestyle and behavioral risk factors. There appears to be geographical variations in prevalence of comorbidities in patients with AD, indicating that differences in ethnicity and lifestyle factors may significantly influence the risk of certain comorbidities. Summary The reported comorbidities in recent literature emphasize the burden of disease in patients with AD. Early appropriate AD therapy, in combination with reduction of risk factors, may help prevention of certain comorbidities. The reported observations may generate hypotheses for future investigations in underlying risk factors for AD-associated comorbidities.
Introduction
Atopic dermatitis (AD) is a chronic and recurrent inflammatory skin disease, with a lifetime prevalence estimated at 10-20% in industrialized countries [1, 2, 3••] . While the incidence has increased over the past half century, a recent stagnation in AD incidence has been reported in several industrialized countries [2, 4, 5] . The etiopathogenesis of AD is complex and multifactorial, with genetic predisposition, skin barrier dysfunction, altered immune responses, and environmental and lifestyle factors, being suspected as the underlying and aggravating factors [3••] . Disease onset predominately occurs in childhood, and while many outgrow their condition, 5-50% experience persistent disease into adulthood [6, 7] .
While relationships between AD and atopic disorders such as food allergies, allergic asthma, and rhinitis are wellestablished and likely causal [8] , research in the burden of non-atopic AD comorbidities has gained significant momentum in recent years. Not only it is essential for physicians and affected patients and families to understand the entire AD spectrum, but discovery of associated comorbidities may also enhance insights into AD pathophysiology and indication for therapy. This review article provides an overview of recent discoveries in non-atopic comorbidities related to AD in children and adults.
population [10•] . Moreover, US children with moderate to severe AD were found to have increased central obesity and higher blood pressure [11] . However, a significantly reduced prevalence and risk of gallstones compared to controls was observed in Danish adults with AD, indicating that patients with AD are likely to have normal weight in Europe [12] . In support of this observation, a Swedish questionnaire study found that patients with AD had the same level of physical exercise as general population controls, again highlighting an apparent difference between the constitution of American and European AD patients when compared to their respective general population controls [13] .
In recent years, epidemiologic AD studies with cardiovascular outcomes such as myocardial infarction (MI) and ischemic stroke have found somewhat opposing results. A large US population-based study reported positive associations between AD and coronary artery disease, angina, heart attack, congestive heart failure, ischemic stroke, and peripheral vascular disease, respectively [14••] . Similarly, a Danish prospective cohort study found an overall increased risk of MI albeit that the study lacked adjustment for important confounding factors, e.g., smoking [15] . When studying 31 Danish patients with moderate-to-severe AD and 33 healthy control subjects, respectively, patients with AD had an increased prevalence of subclinical coronary artery disease using cardiac computed tomography angiography [16•] . A Taiwanese cohort study showed a significantly increased risk of ischemic stroke, but not of MI, in patients with AD [17] . In contrast to the above findings, AD was not independently associated with nonfatal MI or stroke in a cohort from the Nurses' Health Study 2 [18] . Furthermore, in a Danish population-based study, patients with severe AD had an increased risk of ischemic stroke and cardiovascular death, but after adjustment for modifiable cardiovascular risk factors such as hypertension and smoking, the risk was similar to matched controls. Interestingly, the study also showed that the risk of cardiovascular outcomes was reduced in patients with mild AD, possibly explained by socioeconomic characteristics that were not accounted for in the study [19•] . Similarly, a recent large German study found a modestly increased risk of angina, hypertension, and peripheral artery disease, but not for myocardial infarction and stroke. The study furthermore failed to identify any shared genetic risk variants for AD and cardiovascular disease [20] . While it remains unclear whether AD is associated with increased risk of cardiovascular disease, the prevalence and risk was much smaller than for patients with psoriasis in two European studies [21, 22] .
Few studies have focused on type 2 diabetes in AD. A US study found that the presence of AD in adulthood was associated with higher odds of pre-diabetes, diabetes, and adult onset diabetes, respectively [10•] . In a Danish general population study, both individuals with a history of AD and individuals with a loss-of-function mutation in the filaggrin gene were significantly associated with having type 2 diabetes, but no information on corticosteroid use was available [23] . Notably, certain anti-AD therapies, but not AD itself, were found to be independent risk factors for type 2 diabetes in a recent Danish nationwide cohort [24] . A possible link between AD and type 2 diabetes is likely multifactorial and possibly explained by genetic predisposition [25] , sedentary lifestyle [10•], systemic low-grade inflammation [26] , and AD-associated therapies including corticosteroids [27] .
The discrepancies between the abovementioned results may at least in part be explained by differences in study designs, heterogeneous patient characteristics, the selected covariates included in the analyses, and the quality of available data. Although the cardiovascular risk in AD remains controversial, one potential explanation is based on the theory of shared inflammatory pathways between atherosclerosis and AD [28, 29] . A more plausible explanation, however, is that cardiometabolic comorbidities are driven by the overall disease burden in patients with AD. For example, pruritus, a reduced quality of life and psychological stress associated with AD may result in poor health behaviors including physical inactivity and smoking, which in turn can increase morbidity and mortality ( Fig. 1) . A recent Danish study found a higher prevalence of smoking-related outcomes in patients with severe AD, including chronic obstructive pulmonary disease, suggesting that smoking could represent a significant cardiovascular risk factor in patients with AD as well (manuscript submitted). Similarly, a large meta-analysis showed a strong association between tobacco smoking and AD [30] .
Cancer and Atopic Dermatitis
The association between AD and cancer is unresolved. Studies investigating the association between AD and malignant melanoma (MM) have either found an inverse association or non-significant results, while studies on nonmelanoma skin cancers, i.e., basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), have trended towards positive associations with AD in some [31] [32] [33] but not all studies [34, 35] . A recent systematic review and meta-analysis based on 18 independent studies found that AD was not associated with MM or SCC, but significantly associated with BCC [36] . The authors emphasized that due to the heterogeneity in included covariates such as sun-exposure, ethnicity, and use of immunosuppressant therapy, solid conclusions on the independent risk associated with AD could not be made [36] . Sun-exposure and possibly phototherapy are major risk factors in the development of skin cancers, and although speculative, impaired skin barrier function in patients with AD may play a role in a possible association [37] . Indeed, ADassociated reduction or absence of epidermal filaggrin could, at least in theory, allow for higher penetration rates of ultraviolet B photons and cause DNA damage, and in turn, malignancy [38, 39] . Another possible risk factor that may contribute to the risk of skin cancer is AD-associated immunosuppressant therapy; however, this relationship is still unresolved [40, 41] .
A systematic review and meta-analysis found an increased relative risk of lymphoma in patients with AD and suggested that severity of AD was a significant risk factor [42••] . The possible association could be driven by a number of factors including genetic predisposition, chronic inflammation, and inappropriate immune skewing from possible tumorprotective properties of Th-1 responses [43] . Furthermore, some studies have shown that chronic exposure to systemic and topical immunosuppressive drugs may increase the risk of lymphoma [42••] . Importantly, however, in observational studies of uncommon conditions, misclassification may occur, and since there is a diagnostic overlap between severe AD and, e.g., cutaneous T cell lymphoma, this could introduce a risk of false positive statistical associations [44] . A metaanalysis based on 10 publications found an inverse association between childhood AD and acute lymphoblastic leukemia. One hypothesis to support the finding is a possible augmented immune surveillance due to increased vigilance of the immune system that could protect against malignant cells [45] .
Glioma and meningioma have also been inversely associated with AD in three systematic review articles [46] [47] [48] .
Although the possible protective mechanisms are unknown, the immune surveillance hypothesis as well as genetic and/or environmental factors has been suggested [46] . For other cancers, the literature is scarce. In a case-control study, a history of AD was more common in patients with a positive test for high-risk human papilloma virus (HPV) infection in the cervix compared with test negative controls [49] . Filaggrin mutations have been suggested to increase the risk of HPV infections in the cervical mucosa, and are associated with fivefold increased mortality in patients with cervical cancer [50, 51] . Pancreatic cancer has also been studied in observational studies, but the results are conflicting, and the relationship is not yet established [33, 52, 53] . Tobacco smoking is a wellestablished carcinogenic factor in a number of malignancies including cervical, pancreatic, and hematological cancers and could therefore contribute to the observed associations [54] [55] [56] .
Autoimmune Diseases and Atopic Dermatitis
Autoimmune diseases affect a wide range of organ systems and are often caused by a complex interplay between genetic predisposing factors and environmental trigger factors [57] . AD has been associated with both alopecia areata, vitiligo, [58] lupus erythematosus, and chronic urticaria [59, 60] . Positive associations have repeatedly been demonstrated between AD and inflammatory bowel disease [60, 61, 62•, 63] , celiac disease [60, 64, 65] , systemic lupus erythematosus [59, 60, 66, 67] , while results have been conflicting for rheumatoid arthritis [59, 60, 62•, 68] . Based on the Th-1/Th-2 dichotomy theory, it was previously believed that diseases such as multiple sclerosis (MS) and type 1 diabetes were inversely associated with AD, as these are dominated by a heightened Th-1 response [69, 70] . However, recent meta-analyses have failed to identify associations between AD and type 1 diabetes or MS [69, 70] . Other possible autoimmune comorbidities include autoimmune thyroid disease [59, 60, 71] and autoimmune nephropathy [60, [72] [73] [74] , although the number of studies are limited and results are inconsistent.
Several links can be drawn between AD and autoimmune diseases, and the associations are likely explained by multiple causal pathways and cascades. First, patients with AD may be genetically predisposed to develop certain autoimmune diseases. A recent large genome-wide association study identified multiple susceptibility loci for AD, associated with immune regulation and autoimmunity [75••] . Several autoimmune diseases also tend to cluster, possibly explained by the genetic risk loci distributed among multiple diseases [76] . Second, the increased pro-inflammatory activation in patients with AD, which also involves the blood compartment, might influence the risk of autoimmunity [77] . Accumulating evidence also suggests that patients with AD display autoreactive tendencies, i.e., immune responses to autologous tissue, cells or proteins [77] . Third, environmental exposures may also trigger autoimmune diseases, including tobacco smoking (and other lifestyle factors) [60, 78, 79] .
Neuropsychiatric Disorders and Atopic Dermatitis
Beyond the somatic comorbidities, AD has been associated with a range of neurologic, psychiatric, and psychological conditions. Depression and anxiety have significantly associated with severity of AD symptoms [80] [81] [82] . Notably, a higher risk of suicidal ideation has been observed in patients with AD [83] [84] [85] , and a Danish cohort study found an increased risk of completed suicides in adult patients with hospital-diagnosed AD [86] . While AD may confer depressive symptoms [87] , psychological stress also appears to trigger AD symptoms in some cases [88] . Thus, the association is likely bidirectional and possibly maintained by the burden of AD including sleep disturbance, social stigma, increased financial costs, and overall reduced quality of life [89] [90] [91] [92] .
Cumulative evidence also suggests an association between AD and pediatric neuropsychiatric conditions. A recent systematic review including 12 articles investigating the association between AD and attention deficit hyperactivity disorder (ADHD) concluded that the majority of published studies report a positive association between the two conditions [93•] . Furthermore, a systematic review article on the association between AD and autism spectrum disorder (ASD) based on 18 publications suggested a positive relationship [94] . The link between AD and neuropsychiatric disorders may partly be explained by the psychological stress and sleep deprivation associated with AD; however, certain biochemical pathways have also been suspected to be involved. The increased levels of pro-inflammatory cytokines in children with AD may impact behavioral and emotional functions in the brain by directly passing the bloodbrain barrier; however, this remains to be proven [95•] . Other hypotheses suggest that the chronic inflammation in AD may cause changes in the metabolism of neurotransmitters or affect the hypothalamus-pituitary-adrenal axis [95•] . Lastly, common environmental triggers including perinatal factors may contribute the observed co-occurrence of these diseases in children [96] .
Conclusions
The increasing number of studies published in the past decade has enabled discovery of several previously unrecognized non-atopic comorbidities. Collectively, patients with AD appear to have an increased risk of cardiovascular disease, certain cancers, as well as a range of autoimmune and neuropsychiatric diseases. Most AD-associated comorbidities are likely caused by a complex interaction between genetic predisposition, environmental exposures, inflammation due to AD, medication, and lifestyle factors. Although observational studies may help detect possible associations, they are primarily hypothesis generating. In most epidemiological studies, causal inference cannot be made due to limitations such as lack of temporality, bias, and confounding factors that are either unavailable or unknown. Another important aspect when interpreting epidemiological findings is to differentiate between absolute and relative risks. Although a statistical association may be significant, when investigating occurrence of diseases, the absolute risks can be low. For example, cardiovascular diseases appear to represent a significantly heavier burden in patients with psoriasis than patients with AD [22] . It is therefore important to put the data into clinical perspective when interpreting statistical findings.
Conclusively, the recently discovered AD-associated comorbidities emphasize the burden of AD in both pediatric and adult patients. While many of the underlying mechanisms of associated comorbidity are not yet fully understood, both AD itself as well as lifestyle factors may contribute to their genesis. We propose that early appropriate AD therapy, in combination with reduction of risk factors, may help prevention of certain comorbidities. Further translational research will improve the understanding of AD-associated comorbidities.
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